Drug delivery nanotechnologies aim to deliver a drug cargo to only the targeted organ at the appropriate time. Ultrasound-mediated drug delivery has gained much attention recently with the availability of clinical focused ultrasound systems that may sonicate any region of the body with millimeter spatial resolution 1 . These technologies may use nano-or micro-scale drug carriers that release drug after ultrasound raises the in situ temperature 2 , activates a 'sonosensitizer' 3 , or raises the tissue intensity/pressure 4 to beyond a certain threshold. While high-intensity continuous wave ultrasound may be difficult to achieve stably in certain regions of the body 5 , the intensity/pressureuncaged systems usually necessitate only short bursts of ultrasound that are more straightforward to implement in situ. Recently, we reported a prototype polymeric perfluoropentane nanoemulsion that would locally uncage the anesthetic propofol in the brain with short bursts of focused ultrasound (FUS), thereby enabling noninvasive pharmacologic neuromodulation 6, 7 . These nanoparticles are composed of a nanoscale droplet of the high-vapor pressure liquid perfluoropentane (PFP), with drug bound by an emulsifying amphiphilic diblock-copolymer. Our model is that the drug is bound by the hydrophobic polymer block, which sits between the hydrophilic block externally and the core perfluorocarbon internally, with the external hydrophilic block insulating the drug from exposure to the medium. Upon exposure to focused ultrasound of a sufficient peak negative pressure, the core PFP of these particles expands, thinning the emulsifying polymer layer, which exposes the drug to the medium, allowing drug release ( Fig.   1a ) 4, 6 . Past work with similar nanoparticles has suggested uses for imaging 8 , oxygen delivery for ischemia 9 , micro-embolization 10 , thermal ablation [11] [12] [13] , blood-brain barrier opening 14 , and most pertinently as potential drug delivery vehicles 4 . Proofs-of-principle have been described for how this system could be used for delivering chemotherapeutics [15] [16] [17] and propofol 6 . In principle, these nanoparticles should allow encapsulation of any small molecule that is hydrophobic and therefore able to be stably bound by the internal hydrophobic polymer block. However, to date, the range of drug and polymer characteristics that allow encapsulation into these nanoparticles has yet to be systematically described. Additionally, clinical translation demands manufacturing methods that are practically feasible, scalable, compatible with current good manufacturing practices (cGMP), and that produce particles that are sufficiently stable for a variety of uses and for storage.
Furthermore, an explicit demonstration of the in vivo efficacy of this system in different regions of the body and on different organ systems is needed. Here, we satisfy each of these unmet needs by explicitly demonstrating the versatility of this platform for ultrasonic uncaging of a variety of drugs, with methods that enable clinical translation.
Results

Moving towards practical clinical application
To enable eventual in vivo and clinical applications, we first adapted our nanoparticle production methods for cGMP compatibility and scalability (Fig. 1a) . We targeted a median Z-average diameter of 400-450 nm, calculated so that during uncaging the nanoparticles would be at most half of a capillary diameter, given prior theory and evidence that similar particles increase their diameter up to a maximum of 5-6 fold during uncaging 18 . We also targeted a median polydispersity index (PDI) of <0.1, to ensure monodispersity of each batch. We noted that the PFP content in the reaction significantly affected the particle size, drug loading, and monodispersity (Fig. S2) , and empirically determined that a 2 µl:1 mg ratio of PFP to polymer most reliably met our target size and PDI. To generate the nanoparticles, the emulsifying polymer and drug were dissolved in tetrahydrofuran (THF), and then sterile phosphate-buffered saline (PBS) was added. The THF was evaporated to completion, leaving drug-loaded polymeric micelles in saline suspension. Then, PFP was added and the mixture was sonicated in a bath sonicator until the PFP was visibly completely emulsified. Following three cycles of centrifugation and resuspension to remove free drug, polymer, and micelles, the nanoparticles were filtered twice through a membrane extruder to produce the final suspension. Notably, the shift from immersion sonication, as used previously 6 , to bath sonication and membrane extrusion substantially reduced the free drug fraction (Fig. 1b) .
Dynamic light scattering confirmed that our current methods produced monodisperse peaks of nanoscale material (Fig. S1 ).
In prior formulations, the particle size, free drug fraction, and polydispersity all increased substantially over the course of hours with incubation on ice or at room temperature 6 , and the particles were too unstable to permit a freeze-thaw cycle. This is in keeping with prior experience with similar particles 15 . To address this significant practical limitation, we used cryoprotectants to This formulation also showed low batch-to-batch variability with no change of physicochemical characteristics across varied particle concentrations ( Fig. S3g-i , indexed by the encapsulated drug concentration). In our current protocol, there is a minimal slow increase of the free drug fraction during room temperature incubation, rising from ~4% of the initial drug load when fresh to ~8% after 3 hours post-thaw at room temperature (Fig. 1d) . In practice, we make use of the particles within 3 hours of thawing.
To determine the efficacy of the particles for ultrasonic drug uncaging in vitro, we loaded the particles into thin-walled plastic (PCR) tubes and then added a layer of organic solvent on top that was immiscible with and of lower density than water (Fig. 1f) . Following focused sonication of the aqueous nanoparticle suspension, the organic layer was collected, and the UV fluorescence of this fraction was measured to indicate the amount of drug release. Indeed, there was robust FUSinduced drug release seen with a dose-response relationship with the applied in situ peak pressure, and no change of this efficacy between fresh and frozen/thawed nanoparticles, irrespective of the length of time that the particles were frozen (Fig. 1g) (Fig. 2d) . Drug release also increased with sonication burst length, with minimal or no appreciable release below 10 ms and saturation of the effect above 50 ms.
To determine the effect of the encapsulating diblock-copolymer on drug loading and release efficacy, we varied the hydrophobic block of the polymer between the common drug delivery polymers of poly-ԑ -caprolactone (PCL), poly-L-lactic acid (PLLA), and poly-lactic-coglycolic acid (PLGA). The molecular weight of these blocks was varied between 2 kDa and 5 kDa.
The hydrophilic block of poly-ethylene glycol (PEG; mol. wt. 2 kDa) was kept constant. PLLA particles, particularly with a block molecular weight of 5 kDa, showed increased size and polydispersity, and in many cases developed a precipitate during production (biasing the drug loading estimates), indicating that this polymer was not suitable for these applications (Fig. 2 ).
There was minimal difference between PCL and PLGA in terms of the resultant particle physicochemical characteristics and drug loading. Larger hydrophobic blocks yielded greater drug loading ( 
A generalized platform for drug delivery
To realize the promise of this system as a platform for targeted delivery of a wide variety of drugs, and to estimate the drug features that most enable encapsulation into polymeric perfluoropentane nanoemulsions, we varied the drug across seven molecules: two vasoactive agents (calcium channel antagonists verapamil and nicardipine), three anesthetics (propofol, ketamine, and dexmedetomidine), and two chemotherapeutics (doxorubicin and cisplatin). There was minimal difference of the encapsulated drug on the particle physicochemical properties (Figs. 3a,b).
Instead, there was a strong positive relationship noted between the drug LogP (a measure of hydrophobicity) and the drug loading (Fig. 3c) , with essentially no loading of the hydrophilic compound cisplatin. Interestingly, while there were minimal differences of in vitro ultrasonic drug uncaging efficacy across the different drugs (Fig. 3d) , there was a reverse trend compared to drug loading in that doxorubicin (LogP=1.3) had the greatest drug release versus applied pressure, compared to verapamil or nicardipine (LogP=3.8). These results establish the generalizability of this system for ultrasonic uncaging of hydrophobic drugs.
In vivo nanoparticle characteristics
To determine the clearance kinetics, biodistribution, and biocompatibility of the particles in rats, in addition to the indicated drug, the particles were doped with a dye whose infrared fluorescence is quantitative in vivo and in blood samples, and which in its unincorporated free form clears from the blood pool within ~5 min. For this analysis, we chose among the drugs with substantial loading (Fig. 2) , drugs with high (nicardipine), intermediate (propofol), and low (doxorubicin) drug loading. To assess particle clearance kinetics, the fluorescence was quantified for whole blood and plasma samples collected at several time points over hours. The difference between the wholeblood and plasma sample fluorescence indicated the nanoparticle blood concentration. The plasma fluorescence indicated the rate of generation of drug-loaded micelles as the volatile PFP diffuses out of the nanoparticle core, as well as the potential elution of free dye. There was no substantial effect of the encapsulated drug on particle kinetics or biodistribution (Figs. 4) . For each drug, the particle blood pool concentration followed a dual exponential clearance profile, with half-lives of 10-12 min for a redistribution phase and 77-97 min for an elimination phase ( Fig. S5 ; Tables S1-2 ). Based on this profile, a bolus plus infusion protocol was determined to yield a steady blood particle concentration to enable prolonged usage. Indeed, with this bolus plus infusion protocol, a steady blood pool particle concentration was seen for over 40 min, with a similar elimination profile to bolus alone following the halt of infusion (Fig. 4b) . Independent of the loaded drug, the particles showed uptake at 24 h primarily in the liver, followed by spleen and lung, with minimal uptake in kidney and heart, and notably no binding to the brain (Fig. 4e-f) . In our experiments, >80 rats have received the current formulation of these particles, with some receiving up to nine doses over several weeks, and none have shown visible evidence of toxicity due to particle administration or uncaging. Indeed, no negative change was seen in animal body weight across two weeks of multiple nanoparticle administrations (Fig. 4g) . These results indicate that, independent of the choice of loaded drug, these nanoparticles are well tolerated and have clinically practical clearance kinetics to enable acute ultrasonic drug uncaging therapies.
Efficacious ultrasonic drug uncaging in the nervous system
Following these optimizations, we next sought to confirm that these particles retained a similar efficacy in vivo as was shown in our prior proof-of-principle study 6 . We assayed the response of visual evoked potentials (VEPs), an electrophysiological assay of brain function, to ultrasonic propofol uncaging in rat primary visual cortex (V1). Light flashes (10ms @1 Hz) were administered to one eye of a rat (Fig. 5a) . A 650 kHz focused ultrasound transducer was coupled to target the contralateral V1. Electrophysiological potentials in response to the light flashes were recorded by a skull electrode placed near midline over the occipital cortex, with a reference electrode in the rostral frontal bone. Each rat underwent the same protocol in which, after the recorded potentials reached a threshold signal amplitude (N1P1 amplitude >60 µV), FUS was applied (60 x 50 ms pulses, 1 Hz pulse repetition frequency, 1.2 MPa estimated peak in situ pressure) to V1 without nanoparticles in circulation, while recording VEPs. Then, while recording VEPs, propofol-loaded phase-change nanoparticles were administered intravenously as a bolus of an encapsulated propofol dose of 1 mg/kg body weight. Then, after waiting at least 10 min from nanoparticle administration to allow redistribution (Fig. 4a) , the same FUS protocol was applied to V1. A substantial reduction in the N1P1 VEP amplitude was noted with sonication with nanoparticles in circulation ( Fig. 5b-d) , indicating an effective anesthesia induced by ultrasonic propofol uncaging. Notably, FUS alone had no similar effect. Nanoparticle administration itself
did not yield such a decrease, and instead induced a slight increase in VEP amplitude, presumably due to a net stimulatory effect of bolus fluid administration. Further, the anesthetic effect of ultrasonic propofol uncaging was limited by the time period of ultrasound application, with anesthesia onset commencing with FUS onset, and recovery commencing with FUS offset (Fig.   5c ). In our prior work, we were able to knock out seizure activity in rats 6 , as a proof-of-principle that this system is effective for ultrasonic drug uncaging to attenuate pathologic brain activity.
These results confirm that this system can be used for effective ultrasonic propofol uncaging to reversibly knock out physiological brain activity.
Efficacious ultrasonic contrast enhancement and drug uncaging in the cardiovascular system
We next noted that the acoustic impedance of PFP at 37 °C is 0.67 MRayl 20 , and that of blood or soft tissue is typically 1.6-1.7 MRayl 21 . This difference in acoustic impedance suggests that polymeric PFP nanoemulsions should be echogenic in the body, and therefore could serve as ultrasound contrast agents. Indeed, both in vitro (Fig. 6a ) and in vivo (Fig. 6b) , we see that the presence of PFP nanoparticles substantially increased power Doppler ultrasound signals, allowing for more sensitive vascular imaging.
Next, we noted that in the ultrasonic propofol uncaging experiments (Fig. 5 ), the uncaged drug had the opportunity to enter into and act upon the brain parenchyma across the blood-brain barrier during the whole time it traversed the capillary bed (order of seconds 22 ). We sought to assess whether ultrasonic drug uncaging could measurably affect physiological systems after uncaging in larger vessels with faster flows, where there is not as much time for the critical drugreceptor interaction. Vasodilating agents, such as nicardipine and verapamil are used clinically to relieve arterial spasm as seen with cerebral vasospasm and other conditions 23 , by relaxing the smooth muscle of the vessel wall. For example, nicardipine has been shown to relax the wall of the aorta and increase its distensibility in humans 24 . While effective, these agents have undesirable side effects of generalized hypotension when given systemically, due to decreasing the systemic vascular resistance by action beyond the target vessel. This hypotension can result in end organ infarction in severe cases. In order to minimize this effect, the vasodilator must be infused via an invasive intra-arterial catheter placed within the target vessel or immediately upstream. For ultrasonic vasodilator uncaging to achieve similar effects, the vasodilator must bind the arterial smooth muscle immediately after ultrasound-induced release from the nanoparticles, given that arterial velocities are generally on the order of 0.3-0.5 m/s 25 . We therefore assessed whether ultrasonic nicardipine uncaging could yield a visible change in vessel wall compliance of the rat abdominal aorta (~7 cm in length, ~1 mm luminal diameter), indicated by the change in vessel diameter over the cardiac cycle. With ultrasonic nicardipine uncaging in the aorta upstream of an ultrasound imaging probe, a substantial difference in systolic and diastolic aortic diameters was noted compared to the pre-uncaging baseline ( Fig. 6c-f ; Videos S1-2). Confirming its specificity, this effect was not seen with ultrasound alone, with nanoparticle administration alone, with ultrasound applied to blank nanoparticles, or with nicardipine uncaging applied downstream ('Position 2') of the imaging probe (Fig. 6e) . In fact, compared with a systemic bolus of free nicardipine that is matched in terms of the total nicardipine dose, ultrasonically uncaged nicardipine had a more potent effect on the vessel wall distensibility (Fig. 6e) , even though it is likely that only a minority of the nanoparticles were exposed to the sonication field. Additionally, systemic nicardipine administration increased the aortic blood velocity, due to a decrease in systemic vascular resistance with peripheral nicardipine action (Fig. S6) . Similarly, uncaging of nicardipine nanoparticles in the distal aorta increased the blood flow velocity in the aorta (Fig. S6), likely by relaxing the arterial/arteriolar smooth muscle in the lower limbs and therefore decreasing the vascular resistance seen by the lower aortic blood flow. However, importantly, this effect was not seen with ultrasonic nicardipine uncaging in the proximal aorta, confirming that ultrasonic drug uncaging is limited to effects in the immediate region of sonication, given the length of the rat aorta (~7 cm) and the rapid speed of rat aortic flows (~0.3-0.5 m/s; Fig. S6 ). This confirms that ultrasonic drug uncaging yields a volume of distribution of the drug that is confined to the sonicated region, which in turn results in an effective amplification of the local drug effect.
Furthermore, these results demonstrate that this localized drug-receptor binding can occur even in the presence of rapid aortic flows. Notably, the majority of this effect occurred with the first minute of sonication (Fig. 6f) , confirming the rapid temporal kinetics of the bioeffects of ultrasonic drug uncaging.
Discussion
We have shown that polymeric PFP nanodroplets are a versatile platform for ultrasonic drug uncaging, with a ready path for clinical translation. We have described scalable production methods that are cGMP-compatible and which produce particles that are stable for both long-term frozen storage and for hours of use after thawing (Figs. 1, S1-4) . We have confirmed that longer hydrophobic blocks of the emulsifying polymer yield greater drug loading, with minimal effect of the choice of polymer on drug uncaging efficacy (Fig. 2) . We further explicitly demonstrate the ability of this technology to encapsulate and selectively uncage drugs that span a range of hydrophobicity, drug classes, and receptor binding profiles (Fig. 3) . Indeed, the clearance kinetics and biodistribution of these nanoparticles appears to be independent of the particular drug that is encapsulated (Figs. 4, S5 ; Tables S1-2) . Finally, we demonstrate the utility of ultrasonic drug uncaging to yield potent localized pharmacological bioeffects both in the brain (Fig. 5 ) and in the body (Fig. 6) . Specifically, we show that ultrasonic propofol uncaging can yield a potent anesthesia of the visual cortex with sonication (Fig. 5) . We further show that these are theranostic particles as they act both as ultrasound contrast agents for vascular imaging (Fig. 6a,b) and may yield focal vessel wall relaxation with ultrasonic nicardipine uncaging that is spatially restricted to the target vessel, even in the setting of rapid aortic flows (Figs. 6c-f, S6 ; Videos S1-2).
There are myriad potential applications for ultrasonic drug uncaging. In the brain, focal uncaging of neuromodulatory agents could allow pharmacological adjuncts to psychiatric therapy sessions that are tailored to the particular neural circuit pathophysiology for a given patient. This technology could also allow pharmacological mapping of neural circuits to better target more permanent interventions such as surgical resection, ablation, or deep-brain stimulation.
Additionally, the treatment of vessel spasm disorders, such as the cerebral vasospasm that unfortunately accompanies many cases of subarachnoid hemorrhage 23 , is difficult given that the agents that best relieve the spasm also act systemically as potent anti-hypertensives. The improved vessel imaging with these particles (Fig. 6a,b) could improve the diagnosis of vasospasm, and noninvasive local relaxation of the walls of the affected vessels, as modeled in Fig. 6c -f, would be enormously beneficial, especially without concomitant loss of systemic vascular resistance and therefore systemic hypotension. Finally, many chemotherapeutics are known to be effective for treatment of a given tumor yet cannot be administered in effective doses systemically due to intolerable side effects in the rest of the body. Ultrasonic chemotherapeutic uncaging within the tumor and its immediate margin would therefore be of great utility.
Future work with this technology will move ultrasonic drug uncaging to clinical practice, first by validating this approach in large animal models, and then by beginning first-in-human trials to establish the safety and drug uncaging efficacy of this technique. Importantly, the constituent components of these nanoparticles -namely the drugs under consideration, PEG, 
